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ABSTRACT

SCExAO at the Subaru telescope is a visible and near-infrared high-contrast imaging instrument employing
extreme adaptive optics and coronagraphy. The instrument feeds the near-infrared light (JHK) to the integral-
field spectrograph CHARIS. The spectropolarimetric capability of CHARIS is enabled by a Wollaston prism and
is unique among high-contrast imagers. We present a detailed Mueller matrix model describing the instrumental
polarization effects of the complete optical path, thus the telescope and instrument. From measurements with
the internal light source, we find that the image derotator (K-mirror) produces strongly wavelength-dependent
crosstalk, in the worst case converting ~95% of the incident linear polarization to circularly polarized light
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that cannot be measured. Observations of an unpolarized star show that the magnitude of the instrumental
polarization of the telescope varies with wavelength between 0.5% and 1%, and that its angle is exactly equal
to the altitude angle of the telescope. Using physical models of the fold mirror of the telescope, the half-wave
plate, and the derotator, we simultaneously fit the instrumental polarization effects in the 22 wavelength bins.
Over the full wavelength range, our model currently reaches a total polarimetric accuracy between 0.08% and
0.24% in the degree of linear polarization. We propose additional calibration measurements to improve the
polarimetric accuracy to <0.1% and plan to integrate the complete Mueller matrix model into the existing
CHARIS post-processing pipeline. Our calibrations of CHARIS’ spectropolarimetric mode will enable unique
quantitative polarimetric studies of circumstellar disks and planetary and brown dwarf companions.

Keywords: SCExAO-CHARIS, spectropolarimetry, high-contrast imaging, near-infrared, instrumental polar-
ization, crosstalk, Mueller matrix model, polarimetric accuracy

1. INTRODUCTION

With near-infrared (NIR) spectropolarimetric observations, the spectra of polarized scattered light from dust
grains in circumstellar disk and disks around brown dwarf companions and planets can be measured. These
observations can reveal key information on the dust grain properties in these disks and can teach us about the
formation of planetary systems.'* The degree of linear polarization of circumstellar disks is generally >10%,
which enables us to measure the polarized scattering phase function and derive properties of dust grains in the disk
through radiative transfer modeling.® The degree of linear polarization of the thermal NIR radiation of a planet,
scattered in its atmosphere, can be a few percent and depends strongly on the properties of its atmosphere, for
instance, the temperature gradient, scattering properties, and distribution of its cloud particles.® Furthermore,
NIR light scattered from a dust disk around a substellar companion can make the companion polarized on the
order of a few percent.*

Using polarimetric differential imaging (PDI), the NIR polarimetric modes of the high-contrast imaging
instruments SPHERE-IRDIS” '° at the Very Large Telescope, Germini Planetary Imager®!'' at the Gemini
South Telescope, and HiCIAO!? at the Subaru telescope have been able to successfully image circumstellar
disk of various ages.'®!” SPHERE-IRDIS and the Gemini Planet imager have also been used to search for
polarization signals from substellar and planetary objects,'® 22 leading to the polarimetric detections of two
spatially unresolved circumsubstellar disks.??

In 2017, the HiCIAO instrument at the Subaru telescope was decommissioned and replaced with the Sub-
aru Coronagraphic Extreme Adaptive Optics (SCExAQ) system.?®> SCExAO is a multi-band instrument that
operates at wavelengths from 600 to 2500 nm. It is equipped with multiple coronagraphs. A wavefront sensing
and control system is key to the operation of SCExAQO. A first low-order wavefront correction is performed by
Subaru’s facility adaptive optics (AO188).2* Further downstream in SCExAQ, a second wavefront correction is
performed for high-order modes using a combination of visible pyramid wavefront sensors and a 2000-element
deformable mirror operating at a wavelength range of 600-900 nm. Initially, SCExAO had no NIR polarimetric
capabilities. Recently, a spectropolarimetric mode has been implemented in SCExAOQO for its Coronagraphic High
Angular Resolution Imaging Spectrograph (CHARIS) subsystem.?>2¢ CHARIS is an integral-field spectrograph
that provides low-resolution spectra over the JHK-bands. The detector has a field-of-view of 2”7 x 2”. To enable
spectropolarimetry to be performed, a Wollaston prism, which spatially splits the light into its two orthogonal
linear polarization states, has been installed directly upstream of CHARIS. The implementation of the Wollaston
prism reduces the FOV to 2”7 x 17, because it images the orthogonal polarization states on the same detector,
without the loss of spatial resolution. The spectropolarimetric mode is unique among high-contrast imagers,
allowing to observe polarization signal over multiple wavelength bins simultaneously.

The accuracy of CHARIS’ spectropolarimetric mode is currently limited by instrumental polarization effects
of the telescope and the optical components of the instrument. Due to the instrumental polarization effects, the
polarization signal measured at the detector is different from the signal incident on the telescope. The two most
important effects are instrumental polarization (IP), which is the polarization signal produced by the optical
components in the system, and crosstalk, the instrument-induced mixing of polarization states, which most
often is the conversion of linear polarization to circular polarization and vice versa. IP can make unpolarized



sources appear to be polarized. For light with a low degree of linear polarization, IP can result in an apparent
rotation of the orientation of the linear polarization. Crosstalk can also cause rotation of the polarization state.
Furthermore, with the Wollaston prism, the system cannot measure circular polarization, so that crosstalk from
linear to circular polarization leads to a reduction of the polarimetric efficiency, that is, the fraction of the incident
linear polarization that is actually measured. It has already been shown that the image derotator (K-mirror)
in SCExAQO produces strongly wavelength-dependent crosstalk, in the worst-case converting 95% of the incident
linearly polarized light into circularly polarized light.?”

To achieve a high polarimetric accuracy, we need to characterize the IP and crosstalk of the instrument, so
that observations can be corrected for these instrumental polarization effects. This will enable us to measure
the polarization of circumstellar disks and substellar companions with a high accuracy. Together with the
spectroscopic capabilities of CHARIS, high polarimetric accuracy will enable unique research of the composition
of circum(sub)stellar disks.

In this study, we continue the work by Ref. 27 and characterize the instrumental polarization effects of
the entire optical system of SCExAO-CHARIS. We use a Mueller matrix model to describe the instrumental
polarization effects of all relevant optical components. The parameters describing the model are determined
using measurements with SCExAQ’s internal light source and observations of an unpolarized standard star.
This method has been used successfully to calibrate the instrumental polarization effects of SPHERE-IRDIS.'?
Ref. 27 calibrated the retardance and diattenuation of the image derotator and half-wave plate (HWP) by
fitting the retardance directly for all wavelengths separately. In this work, we use physical models to model the
retardance of the image derotator and HWP and the diattenuation of the telescope mirrors. These models are
fitted using all wavelength bins simultaneously.

The goal of this research is to achieve, in all wavelength bins, a polarimetric accuracy of <0.1% in the degree
of linear polarization and an accuracy of a few degrees in the angle of linear polarization when observing a 1%
linearly polarized companion. These accuracies are similar to those of the Mueller matrix model developed for
SPHERE-IRDIS.!® With a polarimetric accuracy of <0.1%, we will be able to measure the polarized spectrum
of substellar and planetary companions. Furthermore, these accuracies suffice for quantitative polarimetric
observations of circumstellar disks.??:2%

The outline of this work is as follows. In section 2, we give a brief description of polarized light. We
then discuss the optical path of SCExAO-CHARIS as well as the expected instrumental polarization effects in
section 3. Subsequently, we outline the mathematical model to describe the instrumental polarization effects in
section 4. Next, in sections 5 and 6, we discuss the calibrations using the internal source and on-sky measurements,
respectively. After that, we estimate the accuracy of our model in section 7 and provide recommendations for
future research in section 8. Finally, we present conclusions in section 9.

2. DESCRIPTION OF POLARIZED LIGHT

The polarization state of light can be described using the Stokes vector, which is defined as:

I
@

s=15l (1)
1%

where [ is the total intensity of the light, @ and U describe the two orthogonal linear polarization states, and
V describes the amount and handedness of circular polarization.?’ Figure 1 shows the conventions of the Stokes
parameters used throughout this work. In this figure, the positive z direction is oriented out of the paper toward
the reader. These conventions are the same conventions as used by Ref. 10.

The Stokes vector can be normalized by dividing each of the Stokes parameters by the total intensity I:
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where ¢, u, and v are the normalized Stokes parameters. Using these quantities, the degree of linear polarization
P and angle of linear polarization x can be calculated as:

P=+/q*+u? (3)
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Figure 1: Definition of the reference frame of Stokes parameters and angle of linear polarization (AoLP) de-
scribing light propagating out of the paper, toward the reader. All rotations (6) in this work are according to
this figure, positive in the counter-clockwise direction when looking into the beam of light. Figure adopted from
Ref. 10.

3. OPTICAL PATH AND INSTRUMENTAL POLARIZATION EFFECTS

With the conventions in place, we can now look at the instrument, SCExAO-CHARIS. This section contains
two parts. First, we discuss the optical path of SCExAO-CHARIS in section 3.1. Subsequently, we discuss the
instrumental polarization effects of the components in section 3.2.

3.1 Optical Path

Figure 2 shows a simplified schematic of the optical path of the Subaru telescope, AO188, and SCExAO-CHARIS,
containing all components relevant for spectropolarimetric observations. The Subaru telescope is located at the
summit of Mauna Kea at 4.2 km altitude. During observations, the light is collected by the 8-m primary mirror
(M1). The light from M1 is then reflected by the secondary mirror (M2) that is suspended at the top of the
telescope. This light subsequently hits a flat tertiary mirror (M3), which reflects the light to the Nasmyth
platform where SCExAOQO is installed. Downstream of the telescope, an insertable and rotatable broadband half-
wave plate (HWP) is located. The HWP is used to rotate the angle of linear polarization of the incoming light,
thereby selecting the incident polarization state to be measured. After the light passes the HWP it reaches
an image derotator, which is a construction of three mirrors (K-mirror) at incidence angles of 60°, 30°, and
60°, respectively. The derotator rotates in order to compensate for the sky and telescope rotation during the
observations. The derotator is part of the adaptive optics system A0188.24 All reflections in AO188 are in the
horizontal plane (i.e., parallel to the Nasmyth platform). In the future, a beam switcher will be installed after
the adaptive optics system, which will direct the light to the different instruments on the platform.3°



Telescope

M2

Calibration Pc:larlzer HWP Derotator

Etel source €awp €der
Ay 'f\ v/\ N Shwp vf\ Aywp vf\ /o o\ Ader
M3 a\/ 6:/ M \J \j

8w * Shwp Ber * Sger

M1 SCEXAO

Adaptive  Beamswitcher gop,ag Field stop Wollaston CHARIS
Optics beamsplitter

Optics ; s
det.L
AO188 = —
/ Sget,R

Figure 2: Overview of the optical path showing only components relevant for polarimetric measurements. The
names of the components are given in bold font. The black circular arrows show the parallactic, altitude, and
component rotations about the optical axis. The relevant parameters for calibrating the instrumental polarization
effects are shown next to the components. For on-sky observations, the calibration source and polarizer are moved
out of the beam. Figure adopted from Ref. 27.

SCExAO is located directly downstream of AO188. SCExAO has several coronagraphs, but we expect none
of them to produce significant instrumental polarization effects. Inside SCExAQ, the light undergoes multiple
reflections in the horizontal plane, after which it passes a field stop. Next, the light passes a Wollaston prism
that spatially splits the light into the vertical and horizontal linear polarization states. The light then passes
through a lenslet array and a prism that create the polarized spectra of the source on the Hawaii2RG detector.
The vertical and horizontal polarization states are recorded on the right and left side of the detector, respectively.

For calibration measurements, a system that can be inserted into the optical path to perform internal cal-
ibration measurements is located directly downstream of the telescope on the Nasmyth platform. The system
contains an internal light source, a flat mirror, and a rotatable wire-grid polarizer, which together produce
linearly polarized light.

From the measured intensity on the right and left sides of the detector, Iqet,r and Iget,r., Stokes  and U and
their corresponding total intensities, I and I, can be determined using the single difference and single sum,
respectively, as:

X% = Lietr — Laet 1, (5)
Ix+ = Iget,R + ldet,Ls (6)
where X* is the single difference and Iy« the single sum of Stokes Q or U. Q is measured with the HWP at 0°

and U with the HWP at 22.5°. The resulting single differences are called Q" and U™ and the single sums I+
and I;;+. Note that we subtract the intensity of the left detector side from the intensity of the right detector



side. This is opposite to SPHERE-IRDIS'? and the definitions assumed in Ref. 27. We can additionally measure
Stokes @ and U with the HWP at 45° and 67.5°, respectively. The results of these measurements are called
Q~, U™, Ig-, and Iy-. One set of observations with HWP angles rotated by 0°, 45°, 22.5°, 67.5° is called a
HWP cycle. For a perfect optical system X+ and X, and Ix+ and Ix- will be identical and of opposite sign.
However, due to instrumental polarization effects and varying atmospheric seeing the measurements differ.

3.2 Instrumental Polarization Effects of Optical Components

All optical components that reflect or transmit light produce IP and crosstalk. IP is a result of the diattenuation
of an optical component. Diattenuation is caused by the difference in reflectance and transmittance of orthogonal
linear polarization states. For instance, the reflectance of light polarized perpendicular to the plane of incidence
of a mirror is generally higher than the reflectance of light polarized parallel to this plane.3* This results in the
creation of a polarized signal by the mirror. Crosstalk is the result of the retardance of the component, that is,
the relative phase shift of the different linear polarization states after reflection or transmission. Diattenuation
and retardance depend on the optical properties of a component, which are generally a function of wavelength,
as well as the angle of incidence of the light onto the optical component.

The diattenuation and retardance of mirrors are generally strongest for reflections at large angles of incidence.
The largest effects are thus expected from the reflections of M3 and the derotator mirrors. The diattenuation and
retardance of M1 and M2 are expected to be small because these mirrors are rationally symmetric with respect
to the optical axis. The reflections in AO188 are all at small angles of incidence and therefore the diattenuation
and retardance are expected to be small. Due to imperfections in the design and manufacturing of the HWP,
the retardance is expected to differ slightly from the ideal value of 180°, leading to a small amount of crosstalk.

The IP of all stationary components downstream of the HWP can be removed using beam switching with
the HWP. As discussed in section 3.1, Stokes @ can be measured with the HWP oriented at 0° and 45°. By
rotating the HWP over 45°, the sign of the measured polarization signal changes, but the sign of the IP created
downstream of the HWP remains the same (see e.g., Ref. 9). For an imperfect polarimeter we thus measure in
one HWP cycle Q* = Q +IP and Q~ = —Q + IP, and similar for observations of Stokes U. The observations
with the HWP switched by 45° can then be combined using the double difference and double sum, as:

1 _
X:§(X+—X), (7)
Ix = % (Ix+ +1Ix-), (8)

where X is the double-difference ) or U, Ix the double-sum I or Iy, and X * and I+ the single difference and
single sum calculated with equations 5 and 6, respectively. Apart from correcting for IP, the double-difference
method also corrects for flat-fielding errors and differential aberrations.'? 3233 The normalized Stokes parameters
can then be calculated from the double difference and double sum as:

_X
=

(9)

T

where z is the normalized stokes parameter g or .

Because all reflections downstream of the derotator lie in the horizontal plane, these reflections can only
produce crosstalk between linearly polarized light oriented at +45° with respect to the horizontal plane and
circularly polarized light. Light that is polarized vertically or horizontally is not affected by crosstalk. Because
the Wollaston prism only splits light into its horizontal and vertical polarization states, no crosstalk of components
downstream the derotator can affect the measurements. The remaining IP and crosstalk effects are due to the
optics upstream of the HWP and the optics that are rotating during observations.

4. MATHEMATICAL DESCRIPTION OF OPTICAL SYSTEM

In section 3, we have identified the components that produce the most significant IP and crosstalk that are
not corrected by the double difference. In this section, we give a mathematical description of the relevant



components. We first introduce the Mueller matrix model and a description of the entire instrument in terms of
Mueller matrices in section 4.1. In sections 4.2 to 4.4 we then present physical models of the retardance of the
derotator, the retardance of the HWP, and the diattenuation of M3, respectively.

4.1 Mueller Matrix Model

We use a Mueller matrix model to mathematically describe all components in the optical path of SCExAO-
CHARIS. This Mueller matrix model is similar to the model of SPHERE-IRDIS by van Ref. 10. Consider an
incident beam of light described by a Stokes vector, S. If this beam of light interacts with an optical component,
its polarization and/or intensity (and hence, its Stokes vector) changes. If these changes are linear, they can be
described with a Mueller matrix.3? A Mueller matrix is a 4 x 4 matrix and can be applied to a Stokes vector as
follows:

Sout = MSiny (10)

where S, is the incident Stokes vector and S, the Stokes vector after the optical component. The Mueller
matrix describes the transformation from one polarization state to another. The Mueller matrix transforms the
Stokes vector as:

Tout I-1 Q—1I U—=I V—=I I;

Qout| _ |[12Q Q—=Q U—=Q V=Q| |Q (11)
Uosut I-U Q—U U->U V=>U| |Unl|’

Vout I-V @Q->V U=V V=V |V

where an element A— B describes how much of incident Stokes parameter A is transformed into Stokes parameter
B. The total transmission and/or reflection of the optical component is given by I—1. All other elements I — X
describe instrumental polarization, with X any of the Stokes parameters @), U and V. The elements X — I
describe instrumental depolarization, which is not expected to play a significant roll in SCExAO-CHARIS. The
crosstalk of a component is described by the elements X —Y, with X and Y any combination of different Stokes
parameters @, U and V.

To describe the total effect of all optical components in SCExAO-CHARIS, we can expand equation 10 as:
Sdet,L/R = MnMnflouMQMlSina (12)

with M; the Mueller matrix of component ¢ and Sge¢,1./r the Stokes vector of the light on the left or right side
of the detector. As discussed in section 3.2, not all optical components have to be included in equation 12.
Furthermore, optical components that share a fixed reference frame can be grouped together into one Mueller
matrix, for example the three mirrors of the image derotator (see figure 2). Therefore, we only need to consider
the following 4 component groups: M;e, the three telescope mirrors; Mywp, the half-wave plate; Mye,, the three
derotator mirrors, and Mps 1, /R, the optical path downstream the derotator, including the Wollaston prism.

To limit the number of model parameters, the Mueller matrices of the telescope, HWP, and the detector are
modeled as a function of their diattenuation (€) and retardance (A):3*

1 e 0 0

e 1 0 0

Meom = 0 0 V1—€2cosA V1—€2sinA|’ (13)
0 0 —vV1—€2sinA +1—¢€2cosA

The elements (0,1) and (1,0) account for the IP generated by the optical component and the elements that
account for crosstalk are (2,2), (2,3), (3,2) and (3,3). We ignore the total transmission of the components in
equation 13. The true transmission of the optical components is not important, because the normalized Stokes
parameters ¢ and u are always measured relative to the total intensity I. For the HWP, M oy, is defined with
the +@Q-direction along one of its fast axis. For all mirrors, Moy, is defined with the +@Q-direction perpendicular
to the plane of incidence. Ideally, ¢ = 0 and A = 180° for the telescope, HWP, and derotator. This definition
can only be used for both the HWP and telescope and derotator mirrors since each group of mirrors consists of
an odd number of mirrors. Stokes U and V change sign after reflection from a mirror, thus resulting in an ideal



retardance of 180°. For an even number of mirrors, A = 0° would be ideal. The variables ¢ and A depend on
the angle of incidence and the wavelength of the light.

By using the double-difference method, all instrumental polarization effects of stationary components after
the HWP are corrected for and can be neglected in the model. Therefore, the Mueller matrix of the optical path
downstream the derotator, including the Wollaston prism, reduces to:

1 ZEGBS 0 0
1 |Eess 1 0 0

Mes=31 o 01— 0 ’ (14)
0 0 0 V1— g

where epg is the diattenuation of the Wollaston prism that accounts for imperfect separation angles and extinction
of orthogonal polarization states. The plus and minus signs are used for the vertical (right detector side) and
horizontal (left detector side) transmission axis, respectively.

The component groups in the instrument rotate with respect to each other about the optical axis during
observations. This rotation can be included by multiplying the Mueller matrices with rotation matrices of the

form:
1 0 0

0 cos(20) sin(26)
0 —sin(20) cos(20)
0 0 0

T(0) = ; (15)

0
0
0
1
where 6 is the counter-clockwise rotation of the optical component when looking into the beam along the optical
axis (see figure 1). In equation 12, a Mueller matrix of a component that has been rotated by an angle 6 will

become:

Meom(0) = T(—0) MeomT(0). (16)
Now that we have defined the Mueller matrices, the complete optical system can be described as:

Saet, /R = Mps,L/RT(—Oder) Maer T (Oder) T (—Onwr ) Muwp T (Onwe )T (a) My T (p) Sin- (17)

When a target is tracked during an observation, it rotates with respect to the telescope with the parallactic angle
p, whereas the telescope rotates with respect to the instrument with the telescope altitude angle a. For a the
convention is used that when the telescope is pointing at the horizon a = 0° and a = 90° when the telescope is
pointing at zenith. The rotation of the HWP and derotator are Ogwp and ©4e;. The misalignment of component
i is included in ©; as ©; = 0; + 6;. With the first element of S4c( 1,/r, We estimate the intensity on the detector
sides. We use the calculated Sc¢1,/r With equations 5 to 9 to calculate the normalized Stokes parameters.

4.2 Physical Model of the Retardance of the Derotator

The derotator in SCExAO-CHARIS consists of three mirrors with angles of incidence equal to 60°, 30°, and
60°. The mirrors are made of silver coated with quartz (SiOs). To accurately model the retardance of a coated
mirror, multi-layer reflections have to be taken into account. The multi-layer reflection is drawn schematically
in figure 3. The incident light is reflected from and transmitted through the thin film on the silver mirror.
Subsequently, the transmitted light that reaches the border between the quartz film and the silver mirror is
reflected from and transmitted through the silver mirror. The light that is reflected from the silver then again
reaches the edge of the thin quartz film, where part of the light is transmitted and part of the light is reflected.
A part of the incident light thus bounces back and forth between the air-quartz and quartz-silver intersections.
Each reflection and transmission can be described using the Fresnel equations.?? The total reflection coefficient
Ttot 1S the superposition of all these reflections:

Ttot = To1 + toar1at10e” + torriarioriatioe®’ 4 ..., (18)

where 7;; and ¢;; are the reflection and transmission coefficients, respectively, from medium ¢ to medium j.
The subscripts 0, 1, and 2 denote the media air, quartz, and silver, respectively. We assume that the reflective
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Figure 3: Conceptual drawing of the multi-layer reflection of the derotator mirrors. The width of the quartz
layer is indicated as d.

index of air is 1. The refractive index of quartz we obtain from Ref. 35 and the refractive index of silver from
Ref 36. Equation 18 applies to both the s- and p-polarizations, which have different reflection and transmission
coefficients. The phase § accumulated by the internally reflected beam when propagating through the quartz
layer is given by:

B = 2277[(1711 cos(By), (19)

where A is the wavelength of the light, d the width of the film, n; the refractive index of quartz, and 6; the
angle of transmitted light in the quartz layer.3” The factor 2 comes from the back and forth propagation of the

light through the film. Using the relation for a geometric series, Y ;o 7" = L for a complex number 7 with a

1—r?
modulus less than one, equation 18 can be rewritten as:32

tortiorize’”

Ttot = 701 + (20)

1— T107‘126iﬂ ’
The reflection coefficients of the entire derotator are the product of ry at incidence angles 60°, 30° and 60°. Using
the reflection coefficients of the entire derotator for the s- and p-polarization, the retardance of the derotator can
be calculated. From the total reflection coeflicients, r¢ts and riot,p, we calculate the retardance of the derotator
as:

Ader = arg (Ttot,s) —arg (rtot,p) . (21)

4.3 Physical Model of the Retardance of the HWP

Wave plates are made of birefringent materials of which the refractive index is different along two perpendicular
axes called the fast and slow axis. Wave plates therefore produce a phase difference between the linear polarization
along the fast and slow axes of the wave plate. This retardance can be calculated as:

21w
Apwp = N [ne(A) — no(N)] 4 (22)
where w is the thickness of the plate, A the wavelength of the light, and n. and n, are the refractive indices of
the fast and slow axis, respectively. For a perfect half-wave plate Agwp = 7. Because n. and n, are a function
of A, achromatic wave plates are created by adding together layers of different birefringent material to create
approximate constant retardance as a function of wavelength.

The achromatic HWP used in SCExAO-CHARIS consists of two layers. One layer is made of SiOs crystal
and the other layer is made of MgF,. The retardance of the achromatic HWP can be described as:

21

Apwp = ~ [wsi0, [Me,5i10, (A) — N0,810, (A)] £ WnigR, [Ne,MgF, (A) — Nongr, (V)] ] - (23)

The refractive index of SiO; is obtained from Ref. 39 and the refractive index of MgF, from Ref. 40. We have
tested multiple documented refractive indices but found no significant differences in the resulting retardances.
The +-sign denotes whether the fast axes of the layers are aligned (+) or the fast and slow axes are aligned (—).
For the HWP in SCExAO, the fast and slow axes are aligned and the —-sign is used in equation 23.
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Figure 4: Real and imaginary parts of the optical dielectric functions of silver. Note that wavelength is on the

upper x-axis and the corresponding photon energy is on the lower x-axis. The y-axis shows the value of the

dielectric functions €;1(A) and €2(A). Figure adopted from Ref. 36.

4.4 Physical Model of the Diattenuation of M3

As discussed in section 3.2, the instrumental polarization effects of the telescope are expected to be caused
almost exclusively by the silver-coated fold mirror M3. To model the diattenuation of M3, we would preferably
use the refractive index of the mirror as a function of wavelength and calculate the diattenuation using the
Fresnel equations. However, the refractive index of M3 is unknown. Therefore, we create a model to describe
the refractive index and diattenuation of M3.

We model the diattenuation of M3 by describing the effective refractive index of the mirrors with a linear
approximation in log-log space of the dielectric functions.?® For metallic media, some part of the transmitted
light will be absorbed. In that case, the refractive index, n, is a complex number of the form n = n + ik, where
n is the refractive index relating to the phase velocity in the medium, and k the extinction coefficient. The
refractive index, n, and extinction coefficient, k, can be calculated from the dielectric functions as:

f = %\/ &1 (V)2 + e2(A)? + €1 (N), (24)
" %\/ &1 (A)? + €2(N)? — €1(N), (25)

with €,1(A\) and €,2(A) the dielectric functions, which are both a function of wavelength, A. Figure 4 is adopted
from Ref. 36 and shows the dielectric functions of silver as a function of wavelength. Assuming that for the
wavelength range 1-3 pm the dielectric functions can be approximated with a linear function in log-log space,
we can write:

e1(N) = =100 ™ (26)
era(N) = 1002 \™2 (27)

where A is the wavelength of light and by, b, m1, and mso are the free parameters of the approximations. If we
know the values of b1, ba, m1, and mo, we can use equations 26 and 27 to compute n of M3. Using n, we can
calculate the reflection coefficients from the Fresnel equations and subsequently the diattenuation of M3, eys,
with:

_ |r5|2 - |7"p|2

EM3 = 2 2
s+ Irp]

(28)



where r; is the Fresnel reflection coefficient in the ¢ direction.

5. CALIBRATION USING INTERNAL SOURCE MEASUREMENTS

Now that we have the theoretical description of the instrument, we can estimate the model parameters by using
calibration data. With the physical models of the HWP, derotator, and M3, we only need to fit seven parameters
to describe the instrumental polarization effects of the entire system, namely, the width of the derotator mirror
film, d; the widths of the HWP layers, wsio, and wygr,; and four parameters describing the refractive index
of M3, by, ba, my, and mo. In this section, we perform the calibration of all components downstream of the
telescope mirrors. In section 5.1, we discuss the data set used to estimate the model parameters and the methods
we use to fit the parameters. Subsequently, we present and discuss the results of the fits in section 5.2.

5.1 Calibration Measurements and Estimation of Model Parameters

On February 18, 2020, we obtained 340 exposures with the internal calibration source. For these measurements,
we inserted the calibration polarizer, generating nearly 100% polarized light. We set the polarizer at an angle
of —45° with respect to the instrument frame (generating a —U signal). We rotated the derotator during these
observations from 45° to 127.5° in steps of 7.5°. At each derotator orientation, we rotated the HWP from
0° to 78.5° with steps of 11.25°. At each derotator-HWP combination, we took multiple frames. We have
preprocessed the raw data with the CHARIS data-reduction pipeline using the standard settings.*! The data
reduction produces for each observation 22 images, that is one for each wavelength bin. With this dataset we
measure the retardance of the derotator and HWP (Age, and Apwp), their alignment offset angles (dger and
duwp) and the diattenuation of the calibration polarizer (ec,1) and its offset angle (d¢a)).

The normalized Stokes parameters are calculated from the polarized internal source measurements as follows.
For every observation and for every wavelength, the single sum and single difference are calculated by adding
and subtracting, respectively, the images on the right and left sides of the detector (see equations 5 and 6).
The single-sum and single-difference frames with the same derotator and HWP orientation are then combined
by computing the pixel-to-pixel mean. We then compute frames of the double sum and double difference by
combining the mean single sum and single difference frames with complementary single sum and single difference
measurements (i.e., HWP difference of 45° and the same derotator orientation, see equations 7 and 8). We
then compute the trimmed mean, with a double-sided trimming fraction of 10%, over rectangular apertures in
the double-sum and double-difference frames. We place the apertures such that they do not include thermal
effects at the edges of the detector and changes in the angular separation of orthogonal polarization states by
the Wollaston prism as a function of wavelength. The apertures are shown in figure 5. We use the trimmed
mean to mitigate the effects of dead and hot pixels in the images. Outliers pull the mean from the center of the
distribution, which results in an incorrect mean count value. Finally, we divide the double difference values by
their corresponding double sum values to obtain the normalized Stokes parameters, according to equation 9.

Using the Mueller matrix model introduced in section 4, the optical path for the internal source measurements
is described as:

Saet,L/r = Ms,L/RT(—Oder) Maer T (Oder ) T (—OrwWP ) MEWPT (OnWP)T (Ocal) Mca1 Sin, (29)

where M., is a Mueller matrix describing the calibration polarizer, characterized as Mcom (equation 13) and
Ocar is the rotation of the calibration polarizer including a misalignment angle, a1, as Ocal = Ocal + dcar- The
diattenuation of the calibration polarizer is wavelength dependent. We assume the retardance of the calibration
polarizer to be equal to 0°. The diattenuation of the calibration polarizer and the Wollaston prism are indistin-
guishable in our measurements. However, the extinction ratio of the Wollaston prism is very high (>100000:1)*.
Therefore, we set the diattenuation of the Wollaston prism, egg, equal to 1 in equation 14 and we only fit the
diattenuation of the calibration polarizer for all wavelengths separately. Using the polarized internal source
measurements we can only measure the retardance of the derotator and HWP and not their diattenuation. To
measure the diattenuation we would need to perform measurements with (nearly) unpolarized light. Therefore,
the diattenuation of the derotator and HWP is set to 0 in our model. To fit the retardance of the derotator,

*Thorlabs, Inc, https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=917, consulted June 9, 2021.
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Figure 5: Example measurement using the polarized internal source after prepossessing using the CHARIS data-
reduction pipeline. The red boxes indicate the apertures used to calculate the normalized Stokes parameters.
The double-difference and double-sum images only have one side of the detector, since they are calculated by
the difference and sum of the detector sides, respectively. When we align the detector sides, the apertures are
effectively aligned as well.

one film width, d is fitted for all three mirrors (see section 4.2). The three derotator mirrors rotate together,
which makes their retarding effects indistinguishable. Thus, we can only estimate an effective film width for all
three mirrors. To fit the retardance of the HWP, the width of the SiOz crystal wgio, and the width of the MgF,
crystal wngr, are fitted separately (see section 4.3). We thus describe the instrumental polarization effects with
three parameters for the retardance of the derotator and HWP, three parameters for the misalignment of the
components (dcar, dder annd dpwp) and 22 parameters for the diattenuation of the polarizer (ecar ), that is one
for every wavelength bin.

We determine the model parameters by fitting the model function to the data points using non-linear least
squares. The non-linear least squares equation is minimized using the Python implementation
scipy.optimize.minimize.*?> We obtain the HWP and derotator angles from the rotation logs that are provided
with the measurement. First, we perform fits where we directly fit the retardance of the HWP and derotator for
all wavelengths separately, separately, which we refer to as the naive fits. These fits are used as initial guesses
for the physical component model fits.

5.2 Results and Discussion of Internal Source Calibrations

The fitted model parameters and their lo-uncertainties are shown in table 1. The uncertainties are calculated
using the corrected sample standard deviation of the residuals, similar to the method used in Ref. 10 (appendix
E). For this calculation, the model parameters are assumed to be uncorrelated and do not have systematic errors.
However, we see that the residuals are not normally distributed, which suggests that there are systematic errors
in the model. Therefore, the error estimates should be interpreted as lower limits.

Table 1: Determined parameters and their errors of the components downstream of the telescope.
Parameter Value

wsio,  (mm) 1.623 £ 0.001
wygr, (mm) 1.268 £+ 0.001

SHWP () —0.002 £ 0.004
d (nm) 262.56 + 0.03
Sder (°) | —0.0118 + 0.0002

Ocal () —0.035 + 0.009
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Figure 6: Measured and fitted normalized Stokes parameters as a function of derotator and HWP angle for four
wavelength bins. The residuals of the fits are shown below the normalized Stokes parameters. The legend shows
the 6;1wp of the measurements, where it is implicit that Oy differs 45°.

Figure 6 shows the measured and fitted Stokes parameters for four wavelength bins. The legend of the figures
indicates the HEWP of the measurements. Recall that the normalized stokes parameters are calculated using
two sets of observations with the HWP rotated 45°. Therefore, the corresponding 0y, p measurements differs
45°. The residuals of the fits are shown below the normalized Stokes parameters. Overall, the model fits the
data very well. However, the residuals of the fits show a systematic pattern that suggests a small offset between
the data and the fit. The systematic errors could originate from errors in the observations or data reduction.
Furthermore, the errors can be a result of the incompleteness of our model. The models for the diattenuation
and retardance of the components can be oversimplified which makes it impossible for the model to exactly fit
the data.

Figures 7a and 7b show the fitted models for the retardance of the derotator and HWP, respectively. In both
figures, the results of the naive fits are indicated by the black crosses and the fit using the models defined in
section 4 by the solid dark blue line. At A = 1329 nm, the naive fits of the retardance of the derotator and HWP
differ more from the model fit than at other wavelengths. When the retardance of the derotator approaches
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Figure 7: (a): Derotator retardance as a function of wavelength. Direct fits of the retardance for separate
wavelengths are indicated by black crosses. The dark blue line indicates the model fit of the retardance, fitted
using all wavelength bins simultaneously. With the black dashed line the ideal retardance of a perfect derotator
is shown. (b) HWP retardance as a function of wavelength. The markers are the same as for (a). The gray
dashed curve shows the retardance of the HWP used in SPHERE-IRDIS as given by the manufacturer.
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Figure 8: Polarimetric efficiency (a) and offset of the angle of linear polarization (b) of the components down-
stream of the telescope as a function of wavelength for four wavelength bins. The normalized Stokes parameters,
which are used to calculate (a) and (b), are calculated from measurements with 6y p = (0°,22.5°).

the ideal value of 180° a degeneracy arises in the retarding effects of the derotator and HWP. Therefore, the
optimization cannot accurately fit both the retardance of the derotator and HWP at that wavelength. Breaking
this degeneracy was one of the arguments to use the physical models for the derotator and HWP, besides reducing
the number of model parameters. We do not know what specific HWP is used in SCExAO-CHARIS. However,
to validate the HWP retardance model, the model is compared to the retardance of the HWP of SPHERE-IRDIS
as specified by the manufacturer! (see figure 7b). The curves are similar in shape.

To illustrate the effect of the determined instrumental polarization effects, figure 8a shows the measured
and fitted degree of linear polarization P as a function of derotator angle for four wavelength bins. Since the
light generated by the calibration polarizer is nearly 100% polarized, we can interpret P as the polarimetric

'B. Halle Nachfl. GmbH, http://www.b-halle.de/products/retarders/achromatic_Retarders.html, consulted
June 9, 2021
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Figure 9: Minimum polarimetric efficiency (a) and maximum offset of the angle of linear polarization (b) as a
function of wavelength.

efficiency, that is, the fraction of true linear polarization that is actually measured at the detector. Recall
that the data points in figure 6 are normalized Stokes parameters calculated using the double-sum and double-
difference using pairs of observations with fywp differences of 45°. we calculate P from equation 3 using pairs
of Stokes parameters for which their 9§WP differ 22.5° or 67.5°. The curves and data points shown in figure 8a
are computed with GEWP = 0° and 9§WP = 22.5° (and correspondingly Ogwp = 45° and Ogwp = 67.5°,
respectively).

The polarimetric efficiency of the A = 1329 nm bin is not a perfect fit. The measured polarimetric efficiency
shows a curve pattern, similar to the other wavelength bins, but the model fits an almost straight line. The
model of the derotator retardance predicts that the retardance of the derotator at wavelengths close to 1329
nm is very close to 180°. Therefore, the model predicts that the polarimetric efficiency of the system should be
nearly perfect, for all derotator orientations, resulting in a straight line. The offset of the line is a result of the
fit of the diattenuation of the polarizer.

Figure 8a shows that at A = 1575 nm the polarimetric efficiency dramatically drops for derotator angles close
to 45° and 135°. The low efficiency is due to the derotator retardance strongly deviating from the ideal value
of 180°. Figure 9a shows the minimum polarimetric efficiency as a function of wavelength. We calculate the
minimum polarimetric efficiency by calculating the minimum of model fits. At wavelengths close to 1600 nm the
derotator retardance is close to 90°, which makes it act similar to a quarter-wave plate. Therefore, at 1600 nm
and Oger &~ 45° (and O4er &~ 135°) almost all incident linearly polarized light is converted to circularly polarized
light, resulting in a very low polarimetric efficiency of only several percent. This behavior is similar to the
behavior seen at SPHERE-IRDIS.'® The strong wavelength dependence in figure 9a is due to the wavelength
dependence in the retardance of the derotator. Derotator rotation angles of 45° and 135° therefore need to be
avoided during observations.

The effect of the retardance of the HWP is much smaller since the retardance is for the entire wavelength
range relatively close to the ideal 180°. The effect of the HWP’s retardance is visible in figure 8a as the variation
in the skewness of the curves and the asymmetry of the heights and shapes of the curves at 04, =~ 45° and
Oger ~ 135°. The horizontal shifting of the curves is caused by the misalignment of the calibration polarizer,
HWP and derotator (dca1, dgwp and dger)-

Apart from reducing the polarimetric efficiency, the crosstalk produced by the derotator and HWP also
causes an offset in the angle of linear polarization, x, with respect to the perfect case. Figure 8b shows the
measured and fitted offset in x for four wavelength bins. The offsets are calculated as the measured/fitted x
minus the expected x for a perfect HWP and derotator. Figure 9b shows the maximum offset of y as a function
of wavelength. We calculated the maximum offset of x by calculating the maximum of the model fits. For
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Figure 10: Fitted diattenuation of the calibration polarizer as a function of wavelength. The uncertainty on the
fitted diattenuation is ~0.2%.

A 2 1600 nm the maximum offset is 90°. The non-ideal HWP retardance causes the asymmetry at Oqer & 45°
and Oqer ~ 135°.

The fitted diattenuation of the calibration polarizer is shown in figure 10. The diattenuation of the calibration
polarizer does not show a strong wavelength dependence. We argue that this is an artifact of the model and
fitting method. Since no wavelength-dependent constraints are imposed on the diattenuation of the calibration
polarizer, these parameters are the least constrained of all model parameters. Therefore, the model tries to
correct for imperfections in the data or in the model by changing the diattenuation of the calibration polarizer.
A mathematical description of the wavelength dependence of the calibration polarizer proved non-trivial and is
left out of the scope of this project. The imperfect fit of the diattenuation of the calibration polarizer will have
minor effects on the final correction model.

Compared to Ref. 10, the fitted P and offset of x are less accurate for the individual wavelength bins. However,
using the physical models we mitigate systematic errors in individual wavelength bins. Furthermore, the physical
models strongly reduce the number of model parameters. In Ref. 10, the retardance and diattenuation of the
derotator and HWP of SPHERE-IRDIS are fitted directly for all wavelength bins separately, which makes the
model more susceptible for systematic errors in the calibration data. However, our model has fewer degrees of
freedom, which makes it more difficult to accurately fit the data.

The TP of the HWP and derotator are expected to be low. The calibration measurements of SPHERE-
IRIDS showed that the diattenuation of the HWP is <0.1% and the diattenuation of the derotator <1% for all
wavelengths.'® The retardance fits of the HWP and derotator in this work are similar to the values obtained for
SPHERE-IRIDS. Therefore, we expect the diattenuation to be similar as well. Since we have used a physical
model based on the Fresnel equations for the derotator, we can estimate the diattenuation of the derotator
using the model parameters obtained with the internal source measurements. The estimated diattenuation of
the derotator is shown in appendix A.

6. CALIBRATION USING UNPOLARIZED STANDARD STAR OBSERVATIONS

Now that we have a model describing the optical components downstream of the telescope, we can investigate the
instrumental polarization effects of the telescope mirrors. To this end, we analyze observations of an unpolarized
standard star. In section 6.1 we discuss the data and the methods used to estimate the model parameters and
in section 6.2 we present and discuss the results of the fits of the model parameters.

6.1 Calibration Measurements and Estimation of Model Parameters

To determine the IP of the telescope mirrors, we observed the unpolarized star HD 140667 during a SCExAO
engineering night. HD 140667 has a measured degree of linear polarization (P) of 28 &8 ppm in V-band*? and is
at a distance of 41 pc.** On the night of March 21, 2021, two sets of observations were taken at different altitude



angles. The first set of measurements are performed at altitude angles ranging from 46° to 50° and the second
set at altitude angles ranging from 77° to 81°. The degree of polarization, P, is expected to be constant for all
altitude angles because the telescope mirrors rotate as a whole. However, as seen from the Nasmyth platform
the telescope pupil image is rotated with minus the altitude angle, thus changing the amount of @ and U as
seen from SCExAO-CHARIS. By measuring () and U over a broad range of altitude angles we can constrain the
model parameters to high accuracy.

During the observations, we fixed the derotator at 90° for high polarimetric efficiency. We used the adaptive
optics (AO) in a mode that gives only a marginal wavefront correction to reach a high total photon count. This
way we could integrate longer without saturating or reaching the non-linearity regime of the detector. The
integration time of each frame is ~4 seconds. We moved the coronagraphs out of the beam and we used no
ND filters. We rotated the HWP relative to the fixed instrument reference frame. We obtained six HWP cycles
(@awp = 0° and 45° for measuring Stokes @ and fgwp = 22.5° and 67.5° for measuring Stokes U) of which three
at low altitude angles and three at high altitude angles. We used the CHARIS data-reduction pipeline with the
standard settings to preprocess the measurements.*!

The seeing conditions were variable at the night of the observations and a broad speckle pattern is visible
in many of the frames. Many frames are saturated because the conditions improved over time. According to
Ref. 41, the detector response becomes non-linear at ~40,000 counts. The CHARIS data reduction pipeline
corrects for non-linearity of the detector, but we decided to mask all pixels with counts higher than 40,000
counts to prevent saturation and non-linearity effects contaminating the data. The mask only masks the center
of the PSF core and masks a maximum of 36 pixels.

Due to artifacts in the CHARIS data reduction pipeline, varying noise is visible at the bottom of the frames.
The noise is far enough from the source to not contaminate the observed flux of the star. However, we masked
the bottom of all frames when calculating the background of the frames.

We center the frames using a Gaussian fit, which is a sufficiently good approximation of a seeing-limited
PSF. From the centered frames, we calculate the single difference and single sum using equations 5 and 6,
respectively. We then combine the single-difference and single-sum frames in the same HWP cycle and with the
same HWP orientation by taking the mean of the frames. Using the mean-single-sum and mean-single-difference
frames, we subsequently calculate the double-difference and double-sum images using equation equations 7 and 8,
respectively. We mask part of the double-difference and double-sum frames to mitigate saturation as follows. We
calculate the masks for all frames and wavelength bins separately. We then combine all masks of the frames used
to calculate the double-difference and double-sum images by masking all pixels that are masked at least once in
any of the masks. We then apply these masks to the double-difference and double-sum frames and calculate the
flux in these frames in an aperture with a radius of 25 pixels.

We calculate the normalized Stokes parameters from the observations as follows. In order to estimate the
background in the double sum and double difference, we look at the radial profile of the flux in the double-sum
and double-difference images. In the ideal case, the background would reach a constant value at a radius far
from the source. The double-difference counts in an annulus go to zero for radii far from the center of the
source. However, the counts of the double-sum images in an annulus at large separation do not go to a constant
value but keep decreasing, because the PSF is larger than the FOV of the detector. This is also observed by
Ref. 10 (appendix D). Similarly to Ref. 10, we calculate the background in both the double-difference and the
double-sum images inside an annulus as far from the source as possible. In our case, this is an annulus with an
inner radius of 55 pixels and an outer radius of 60 pixels. Effectively, this annulus is an annulus sector that only

Table 2: Best fit parameters for the M3 model. The parameters describe the parameterization of the approxi-
mation of the dielectric functions.

Parameter | Value

my 2.104
b1 14.20
ma 2.100

ba 13.20




covers the top part of the detector, because the bottom part is masked and the annulus falls outside the image to
the left and right of the image. The normalized Stokes parameters are calculated using equation 9. This method
introduces a slight overestimation of the background flux in total intensity, thus lowering the total double-sum
count. The effect is however small due to the high double-sum count in all frames.

Using the compiled data set, we estimate the diattenuation of the telescope M3 mirror by fitting a linear
approximation of the dielectric functions (see section 4.4). Recall that the diattenuation of M1 and M2 are
assumed to be minimal. Similar to the internal source calibration, we first fit the diattenuation of M3 for all
wavelengths separately. We again call these fits naive fits and use them as initial guesses for the physical model.
We perform the fits as discussed in section 5.1.

6.2 Results and Discussion of Unpolarized Star Calibration

The fitted model parameters are presented in table 2. We attempted the same approach as for the internal source
measurements to estimate the errors on the parameters. However, the estimate of the Jacobian matrix proved to
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Figure 11: Measured and fitted normalized Stokes parameters as a function of altitude angle for four wavelength
bins. Below the normalized Stokes parameters, the residuals of fit are shown for the four wavelength bins.
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Figure 12: Degree of linear polarization P a function of altitude angle for four wavelength bins. The horizontal
lines show the mean P of the different wavelengths.

be near singular. We have therefore not been able to estimate the errors on the fitted parameters. Furthermore,
the thermal noise on the longest wavelength bin, A = 2369 nm, is such that we are unable to perform a good fit
to that data. Therefore, we exclude this wavelength bin from all analyses of the IP of the telescope mirrors.

Figure 11 shows the normalized Stokes parameters and the model fit as a function of altitude angle for four
wavelength bins. The scatter in the data points is larger than for the internal source measurements. This is
primarily caused by the varying seeing during the observations. There are also systematic errors visible in the data
points. For instance, at low altitude, the v data points always show a ‘triangular’-like structure. We have tried
to use the normalized double-difference to reduce the noise in the normalized Stokes parameters, as suggested
in Ref. 10. The normalized double difference reduced the systematic errors visible in figure 11. However, it
introduced new systematic errors. The model seems to underestimates the Stokes parameters calculated with
the normalized double difference. Furthermore, the ¢ data points at low altitude angles had a systematic offset
from zero, which is not expected. In the end, we decided to use the standard double difference to calculate the
normalized Stokes parameters.

Figure 12 shows the degree of linear polarization, P, as a function of telescope altitude angle. The P of
the observations, and hence the IP of the telescope, do not show a dependence on the altitude angle. With
the horizontal lines, we show the mean P for the different wavelengths. This constant IP is different to that of
SPHERE-IRDIS, where the IP increases for lower altitude angles.'® This is because the IP of SPHERE-IRDIS
results from the M3 of the telescope, which rotates with the altitude angle with respect to the instrument, as
well as a fixed fold mirror within the instrument. For SCExAO-CHARIS, the IP is the result of M3 only, and
therefore the IP is constant with altitude angle.

Figure 13a shows the fitted diattenuation of the M3 mirror. The diattenuation of M3 can be interpreted as
the TP generated by the telescope. The black crosses show the naive fits and the solid dark blue line shows the
model fit. The naive fits are noisier at longer wavelengths, which is due to an increase in thermal background
noise for these wavelengths. The orange line shows the expected diattenuation for a bare silver mirror at 45°
incidence.?® The fitted diattenuation of the telescope is higher than the theoretically predicted diattenuation,
causing more IP. The fitted and theoretical refractive indices are very similar. This shows that small differences
in the refractive index result in significant differences in IP. Therefore, it is clear that calibration measurements
are always necessary to calibrate for the IP of telescope mirrors, instead of using models based on literature

values.*®

We cannot measure the retardance of the telescope mirrors using measurements of an unpolarized target.
To measure the retardance of the telescope, observations from a polarized source are needed. Since our model
of the telescope mirrors fit the effective refractive index of the telescope mirror we can make an estimate of
the retardance of the telescope mirrors. The retardance is expected to be almost completely determined by
reflection from M3 (see section 3.2). figure 13b shows the retardance of a mirror based on the fitted refractive
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Figure 13: The fitted diattenuation (a) and derived retardance (b) of the telescope using the M3 model. In (a),
the black crosses indicate the direct diattenuation fits for all wavelength bins, separately, The dark blue curve
show the model fit and the orange line the expected diattenuation of a perfect silver mirror. Note that the
diattenuation can be directly interpreted as the IP of the telescope mirrors. (b) shows the derived retardance
from the fitted effective refractive index and the retardance of a perfect silver mirror. As the retardance of the
telescope cannot be measured from observations of an unpolarized source, no direct fits are shown.

index and with the theoretical refractive index of bare silver of a mirror at 45° incidence. The theoretical and
fitted curves are very close together. The retardance of a mirror predominantly depends on the imaginary part of
the refractive index k. Since the theoretical and fitted k are very similar, the theoretical and fitted retardance is
very similar. Even though we did not measure the retardance directly, the derived retardance is most likely more
accurate than the retardance calculated for the telescope mirrors of SPHERE-IRDIS.'® This is because we have
estimated the retardance of M3 using observations, whereas for the Mueller matrix model of SPHERE-IRDIS
literature values have been used.

7. POLARIMETRIC ACCURACY OF THE MODEL

Now that we have a total description of the instrumental polarization effects of the entire instrument we will
look at the accuracy of our model. This method is based on the method described in Ref. 10 (appendix E). We
start with estimating the accuracy of the fit of the model parameters to the calibration data using the corrected
sample standard deviation of the residuals. To compute the total polarimetric accuracy, we compute the absolute
polarimetric accuracy, Saps, that is the uncertainty in the IP and the relative polarimetric accuracy, sye, that is
the uncertainty that scales with the input signal. We use the accuracy of the fit on the calibration data of the
unpolarized star as s,ps and the accuracy of the fit on the calibration data with the polarized internal source as
Srel- In figures 14a and 14b, sy and s,ps are shown as a function of wavelength. Both s.e and saps show a quite
strong wavelength dependence and range from 0.41% to 2.5% and from 0.067% to 0.22%, respectively.

We can now calculate the total polarimetric accuracy in the Stokes parameters (Q and U and use those
to calculate the polarimetric accuracy on P and x, sp and sy. We calculate sp and s, for a 1% polarized
companion and a 30% polarized disks for 21 wavelength bins. Recall that we excluded the longest wavelength
bin of the unpolarized star observations (see section 6.2). Figure 15 shows the polarimetric accuracies. Because
the calculated values depend on the angle of polarization, we show the worst case in the figures. For sources with
low P (a few percent), the accuracy is dominated by s.ps. For sources with a higher P (a few tens of percent),
Srel becomes more important. The accuracy on x increases with increasing P, because the () and U components
of the light are measured with a higher accuracy. On the other hand, for sources with a very low P (<0.1%) the
error on the measurement of x can become as high as a few tens of degrees.

In this work, we aimed for a polarimetric accuracy <0.1% on the degree of linear polarization for source with
P = 1%. Figure 15a shows that this is not achieved for all wavelength bins with the current model and data
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set. The limiting factor for the accuracy of our model is the absolute polarimetric accuracy, which is determined
by the observations of the unpolarized star. This accuracy is primarily limited by the varying seeing during
the observations and the saturation of the frames. To improve the accuracy of the model, higher-quality on-sky
observations of an unpolarized standard star are needed.

8. RECOMMENDATIONS

In this section, we discuss how we could improve the model in the future. First, we discuss the benefits of
unpolarized internal source measurements in section 8.1. Second, we propose improved observation strategies for
on-sky calibration measurements in section 8.2. Third, in section 8.3, we discuss how we can validate the model
with observations of a circumstellar disk.

8.1 Unpolarized Internal Source Measurements

The calibration measurements for the components downstream of the telescope are carried out by injecting nearly
100% polarized light. Using these measurements, only the crosstalk of the HWP and derotator can be calibrated.
To calibrate the IP of the HWP and the derotator, unpolarized light needs to be injected into the system by
taking internal source measurements without using the calibration polarizer (see figure 2). However, the mirror
of the calibration system is expected to produce IP as well. Similarly to Ref. 10, we can include the IP of the
mirror of the calibration system in our model as a nuisance parameter.

8.2 Calibration Measurements of an Unpolarized Star

As discussed in section 6.2, the observations of HD 140667 suffered from varying seeing, and consequently, many
of the frames are saturated or suffered from non-linearity. To accurately calibrate for the telescope diattenuation
we propose to obtain new calibration observations of an unpolarized standard star. The observations have to be
carried out such that the detector is not saturated. This can be achieved by observing at a night with stable and
good seeing conditions. Furthermore, we can observe a fainter target than HD 140667. HD 140667 is relatively
bright with a J-band magnitude of 6.4.** This resulted in the integration times being short, which makes it
difficult to adjust the integration time for varying seeing conditions. A fainter target can be integrated longer,
which also gives the AO system more time to average out. Also, to improve the accuracy of the measurement
of the double sum it is important that the entire PSF of the source fits within the FOV of the detector. This
will enable us to make a better estimation of the background in the frames. Lastly, the accuracy of the fit of the
normalized Stokes parameters of the unpolarized star can be improved by obtaining an extra set of observations
at low altitudes. With this additional set of observations, we will be able to better constrain the model and
reach in all wavelength bins the polarimetric accuracy of <0.1% that we aimed for.

When calculating the normalized Stokes parameters, frames obtained with the HWP rotated over 45° are
combined. It is important that the conditions at which these frames are taken are similar. The observations used
in this work are taken with the HWP rotating from 0° to 67.5° in steps of 22.5°. In terms of Stokes parameters,
we observed in the order Q*, U", @—, U~. To minimize the time between the + and — measurements we
propose to carry out future calibration observations with HWP orientations in the order 0°, 45°, 22.5°, 67.5°.
This HWP-rotation method improves the accuracy of science observation as well.

8.3 Verifying the Model with Observations of a Circumstellar Disk

To validate the model developed in this work, we can apply the model to observations of a circumstellar disk for
which the angle of linear polarization is well known, for example a face-on-viewed disk such as that of TW Hya.46
Before we can use the model, we need to add a model-based correction method to the CHARIS data-reduction
pipeline, similar to Ref. 10, which corrects for IP and crosstalk. This data-reduction pipeline then has to be
applied to the observations of the circumstellar disk to see whether we are able to obtain the correct y, and
perhaps also P, of this system.



9. CONCLUSIONS

In this work, we have developed a detailed Mueller matrix model describing the instrumental polarization effects
of the spectropolarimetric mode of SCExAO-CHARIS. We have used physical models to model the retardance
of the image derotator (K-mirror) and half-wave plate (HWP) as well as the diattenuation of the telescope fold
mirror M3. With these physical models, we are able to calibrate the crosstalk and instrumental polarization
(IP) produced by the optical components in the instrument for all wavelength bins simultaneously by fitting a
limited number of model parameters. The parameters describing the physical models are fitted to measurements
obtained with an internal calibration source, which produces nearly 100% linearly polarized light, and on-sky
measurements of an unpolarized polarization standard star.

The crosstalk of the system is strongly wavelength dependent and predominantly originates from the derota-
tor. As a result of the crosstalk, the polarimetric efficiency can be as low as a few percent. From the polarized
internal source measurements, we have seen that the crosstalk is strongest at A ~ 1600 nm. Furthermore, the
crosstalk is a function of the rotation angle of the derotator and strongest at Oger = 45° (f4er = 135°).

The IP is mainly caused by the telescope fold mirror (M3). The IP is a function of wavelength and increases
for decreasing wavelength, reaching a maximum of ~1%. The IP is independent of the altitude angle of the
telescope. The physical model for M3 shows that even though the fitted refractive index of the mirror is close to
that of a perfect silver mirror, the IP is significantly different. This clearly shows that calibration measurements
are always necessary for the accurate calibration of IP.

The relative accuracy of the model ranges from 0.2% to 2.5% and the absolute accuracy from 0.16% to 0.23%,
for the different wavelength bins. These achieved accuracies will enable us to obtain a polarimetric accuracy
range from 0.08% to 0.24% on observation of a 1% polarized substellar companion. The goal we have set for this
research is to obtain a polarimetric accuracy of <0.1% in all wavelength bins for such a target. Due to unstable
seeing conditions during the observations of the unpolarized star and saturated data, we have not been able to
reach this goal. Higher-quality observations of an unpolarized target are needed to reach a polarimetric accuracy
of <0.1% in all wavelength bins.

With the model we developed, the crosstalk and IP of the system are known in advance. The implementation
of a model-based correction of IP and crosstalk will enable us to obtain highly accurate measurements of the po-
larized intensity and angle of linear polarization. Our model will improve the accuracy of the spectropolarimetric
measurements of SCExAO-CHARIS, which will enable unique spectropolarimetric observations of circumstellar
disks and substellar companions.
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APPENDIX A. ESTIMATING THE DIATTENUATION OF THE DEROTATOR

In this appendix, we look at the diattenuation of the derotator mirrors. Using the nearly 100% linearly polarized
internal source measurements, we can only directly measure the crosstalk created by the retardance of the
derotator mirrors. As discussed in 4.2, we use a physical model to calculate the Fresnel coefficients of the
multi-layer reflection of the three derotator mirrors. Using the fitted film width, d, we can calculate the Fresnel
coefficients and use them to calculate the diattenuation of the derotator. Figure 16 shows the diattenuation of
the derotator derived from the multi-layer reflection model using the fitted value of d (see table 1). The figure
shows that the diattenuation of the derotator is strongly wavelength dependent and ranges between 2% and
—2%. Using the nearly 100% linearly polarized internal source measurements we cannot validate this results.
However, the result shows that the diattenuation of the derotator can be significant. Additional unpolarized
internal source measurements, as discussed in section 8.1, are necessary to calibrate for the diattenuation of the
derotator.
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Figure 16: Estimated diattenuation of the derotator as a function of wavelength.
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